During an investigation of the effect of ryanodine on contractions in cardiac muscle, it was found that long rest periods removed all or most of the drug's effect. Therefore, we studied the kinetics of block development and recovery from block produced by low concentrations of ryanodine (1-100 pM) on the postrest contractions of ferret papillary muscle. At 100 pM, ryanodine depressed steady-state contraction amplitude slightly (4.2 ± 1.1% mean ± SEM, n = 10) but strongly inhibited (40-80%) the first contraction (postrest contraction) elicited on restimulation of the preparation after rest periods of 1 second to 5 minutes. Under control conditions, the nearly maximal potentiation of the twitch occurring after a standard test rest period (30 seconds of rest) was not affected by a preceding conditioning rest of up to 20 minutes. In the presence of 100 pM ryanodine, a conditioning rest increased the amplitude of the twitch elicited after a test rest, and the test rest contraction recovered toward control (drug-free) amplitude monoexponentially (time constant, 582 ± 105 seconds). Block of postrest contraction could be reinduced by stimulation and occurred faster when higher rates were used (time constants, 758 seconds at 1 Hz and 107 ± 26 seconds at 3 Hz). Since rest potentiation of twitch tension is believed to be mostly dependent on extra calcium released from the sarcoplasmic reticulum, the results suggest that the ryanodine-induced blockade of calcium release from the sarcoplasmic reticulum is use-dependent and recovers during diastole. Such use-dependence might be mediated by modulation of the drug-receptor interaction by intracellular calcium, transsarcolemmal or transsarcoplasmic reticulum membrane potential, or the state of a sarcoplasmic reticulum membrane calcium channel. (Circulation Research 1987;60:560-567) 
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During an investigation of the effect of ryanodine on contractions in cardiac muscle, it was found that long rest periods removed all or most of the drug's effect. Therefore, we studied the kinetics of block development and recovery from block produced by low concentrations of ryanodine (1-100 pM) on the postrest contractions of ferret papillary muscle. At 100 pM, ryanodine depressed steady-state contraction amplitude slightly (4.2 ± 1.1% mean ± SEM, n = 10) but strongly inhibited (40-80%) the first contraction (postrest contraction) elicited on restimulation of the preparation after rest periods of 1 second to 5 minutes. Under control conditions, the nearly maximal potentiation of the twitch occurring after a standard test rest period (30 seconds of rest) was not affected by a preceding conditioning rest of up to 20 minutes. In the presence of 100 pM ryanodine, a conditioning rest increased the amplitude of the twitch elicited after a test rest, and the test rest contraction recovered toward control (drug-free) amplitude monoexponentially (time constant, 582 ± 105 seconds). Block of postrest contraction could be reinduced by stimulation and occurred faster when higher rates were used (time constants, 758 seconds at 1 Hz and 107 ± 26 seconds at 3 Hz). Since rest potentiation of twitch tension is believed to be mostly dependent on extra calcium released from the sarcoplasmic reticulum, the results suggest that the ryanodine-induced blockade of calcium release from the sarcoplasmic reticulum is use-dependent and recovers during diastole. Such use-dependence might be mediated by modulation of the drug-receptor interaction by intracellular calcium, transsarcolemmal or transsarcoplasmic reticulum membrane potential, or the state of a sarcoplasmic reticulum membrane calcium channel. T he plant alkaloid ryanodine has been shown to have marked effects on the excitationcontraction coupling of both skeletal and cardiac muscle. 1 In cardiac muscle, ryanodine causes a gradual decline in contractile force, an effect that has been attributed to inhibition of calcium release from the sarcoplasmic reticulum.
2 " 7 However, the mechanism by which ryanodine inhibits the calcium release is not known.
It has been proposed that ryanodine may close a calcium channel in the SR. 6 "" This hypothesis is strengthened by the observation that ryanodine blocks both the calcium-induced and the caffeine-induced release of calcium and the spontaneous release of calcium from the sarcoplasmic reticulum, 7 even though these three types of calcium release involve different control mechanisms. 6 Although studies on ryanodine effects in muscle show the irreversibility of its action, 51213 there are evidences that ryanodine effect can be modulated by the experimental conditions. Several investigators have reported that the ryanodine response was accelerated by activity of the muscle. 114 For example, Hillyard and Procita 15 found that slowing of the spontaneous rhythm of kitten atria with either acetylcholine or potassium chloride delayed the negative response to ryanodine. On the other hand, Nayler 16 found a temporary reversal of the negative inotropic effect of ryanodine in toad ventricle by an increase in stimulus frequency. In dog papillary muscles, effects of ryanodine were also more marked at slow than at fast stimulation rates. 17 More recently, Mitchell et al 18 reported that step depolarizations were required to observe the development of ryanodine effects on calcium current in single rat ventricular cells, an effect they attributed to the progressive development of an intracellular action of the drug. This depolarizationdependence of ryanodine action has also been reported by Sutko and coworkers. 3 In the course of a study dealing with the inhibitory effects of several drugs on the potentiation of postrest contraction (PRC) in ferret cardiac muscle, we found evidence for the complete reversibility of ryanodine inhibition of the PRC. Because it has been suggested that the PRC potentiation in heart muscle is highly dependent on augmented calcium release from the sarcoplasmic reticulum (SR) 1920 (see also "Discussion"), this observation was consistent with the proposal that the ryanodine inhibition of calcium-induced calcium release from the SR is not as irreversible as previously stated. 51213 Therefore, the purpose of this study was to determine the conditions of activity and rest under which block and unblock of the PRC by ryanodine occurred, as well as to estimate the kinetics of block onset and recovery from block, since ryanodine has been widely used in experiments dealing with contribution of SR calcium release and calcium influx to the twitch under conditions of altered rhythm. 20 This paper reports for the first time that ryanodine-induced blockade of the PRC in ferret ventricular muscle shows restdependent recovery as well as use-dependent onset. Among several possible mechanisms of ryanodine usedependence, we propose that variations in intracytoplasmic or intra-SR calcium concentration might modulate the ryanodine effect. A preliminary report of these results has been presented. 21 
Materials and Methods

Tissue Preparation
Young ferrets (0.7 -1 kg) of either sex were anesthetized with pentobarbital (30 mg/kg i.p.). The heart was quickly removed and placed in normal physiologic saline maintained at room temperature. Papillary muscles and ventricular trabeculae (0.1-0.6 mm diameter) were removed from the right ventricle under a dissecting microscope, and small loops of 6-0 surgical silk were tied to each end. Muscles were mounted in a 0.25 ml experimental chamber, with one end fixed and the other connected to a Grass force-displacement transducer (Model FT.03, Grass Instruments, Quincy, Mass.). Muscles were stretched at the start of the experiment to a length that yielded 90% of maximum force.
Perfusion, Solution, and Drugs
Preparations were superfused at a constant flow rate with prewarmed oxygenated solutions and maintained at 37° C using a Peltier effect temperature controller (Bailey Instruments). Normal saline contained (in raM) NaCl 145, KC1 4, CaCl 2 1.8, MgCl 2 1.1, HEPES buffer 5, and glucose 11. High potassium depolarizing solution contained (in mM) KC1 149, MgCl 2 5, HEPES buffer 5, and glucose 11. The pH of the solutions was adjusted to 7.40 ± 0.01 with 1 N NaOH, and the solutions were bubbled with 100% O 2 . Ryanodine (Lot No. 704-RWP-2), obtained from Penick Corporation, Lyndhurst, N.Y., was dispensed from stock solutions in bidistilled water and added to the superfusate at a dilution of 1:1,000 to give the final concentration.
Data Recording
Preparations were allowed to equilibrate for at least 60 minutes before collection of data was begun. Muscles were paced at 1 Hz (Grass Stimulator Model S88), except for rest periods and brief periods of 3 Hz stimulation as mentioned in the "Results" section. Stimuli were applied via a pair of punctate electrodes on the surface of the muscle near the fixed end. Membrane potential was recorded in some experiments through conventional microelectrodes (10-20 MH) filled with 3M KC1 connected to a WP Instruments Model KS-700 electrometer amplifier, New Haven, Conn. Signals were recorded on a Gould Model 2400 chart recorder, Cleveland, Ohio.
Experimental Protocols
After equilibration of the preparation, regular stimulation was interrupted with rest periods of increasing duration from 1 second to 20 minutes. After stimulation was resumed, complete recovery to the 1 Hz steady-state tension was always required before the next rest period was begun. Additional protocols are described in the "Results" section. A muscle was judged suitable for use if the amplitude of the first twitch elicited on restimulation (post-rest contraction or PRC), expressed as a percent of the prerest steadystate twitch amplitude, was constant within ± 2% when test rest periods of 30 seconds were repeated. The 30-second test rest period (PRC 30 ) was chosen since it usually resulted in maximal rest potentiation under control conditions.
All the values of PRC given in the "Results" are normalized to the 1 Hz steady-state prerest twitch tension and are given as the mean percent ± SEM (PRC [% steady-state prerest]). Other data are also expressed as mean value ± SEM, except when stated otherwise. Statistical significance was assessed using paired or unpaired Student's t test. A value of p < 0.05 was considered statistically significant.
Results
General Effects of Ryanodine
STEADY-STATE TWITCH TENSION. The dose-response curve for the negative inotropic effect of ryanodine on steady-state twitch tension under our conditions (1 Hz, 37° C) is shown in Figure 1 . Each muscle was continuously stimulated and exposed to a single concentration of ryanodine, selected in random order. The lowest concentration used (1 pM) had a minimal effect ( -2.6%) on the twitch tension amplitude. Increasing the ryanodine concentration to 100 pM induced a small but significant inhibition (4.2 ± 1.1%; p < 0.005), and this concentration appeared to be the effective threshold concentration. The maximum inhibition was observed at 1 /xM (89.8 ± 1.6%) and was not statistically different from the maximum value (88.9%) calculated from the fit of the logistic equation (see Figure  1 legend) to the data points using a nonlinear algorithm. The fit also indicated a half-maximum effective concentration (Ko 5 ) of 2.3 nM and an exponent of 0.999.
POSTREST CONTRACTION. Because of the observed high sensitivity of the steady-state twitch to ryanodine and the reported higher sensitivity of PRC to the drug, 2223 we studied the effects of 2 low concentrations (1 and 100 pM) on the PRC with varying rest periods. Muscles were stimulated for at least 10 minutes after each rest period to insure constant drug effect. The results are given in Figure 2 . Under control conditions, PRC increased and then decreased as the rest period was prolonged. PRC reached a maximum of 198.9 ± 12.9% of the steady-state twitch tension after a rest of 34.6 ± 2.3 seconds (determined from the equation fitted to the data points). In the presence of 1 pM ryanodine, the shape of the PRC-rest duration curve was qualitatively similar to control, but the peak PRC potentiation was significantly decreased to 142.5 ± 95.% of steady-state (filled circles, Figure 2 ). The decay of the PRC potentiation was significantly faster in the presence than in the absence of ryanodine (time constants: 79 ± 2 seconds, control; 53 ± 4 seconds, ryanodine). The rest duration yielding the peak PRC potentiation was not significantly altered by the drug (26.7 ± 3.6 seconds) nor was the time constant of the rising limb of the curve (control 26.5 ± 4.6 seconds; ryanodine 22.2 ± 3.1 seconds). Increasing the concentration of ryanodine to 100 pM dramatically altered the curve (filled squares, Figure 2 ). No rest potentiation was observed, and the postrest twitch tension declined rapidly as the rest duration was increased. In 6 muscles, the decay was adequately fitted with a single exponential function with a mean time constant of 53.9 ± 9 seconds. In 2 additional preparations, the decay appeared to be a biphasic process (rapid decay followed by a slower one). Figure 3 shows the effect of interposing a long rest period (10 minutes) between 2 test rest periods of 30 seconds (PRC 30 ) on the amplitude of the test PRCs. The protocol used is indicated beneath each set of records. Under control conditions, the amplitude of the PRC 30 was not affected by the conditioning rest as illustrated in the top panel (arrows). However, in the presence of 100 pM ryanodine (lower panel), the amplitude of the PRC30 following the 10-minute conditioning rest was greatly increased compared to that preceding the conditioning rest (arrows). Similar effects were obtained in 10 muscles. These results suggest that part of the ryanodine-induced inhibition of the PRC can be removed by the conditioning rest. Because of the continuous exposure of the muscle to ryanodine during the sequence of applied rests, the observed removal of PRC inhibition might be an indication that ryanodine dissociated from its receptor during the long conditioning rest.
Recovery From and Reinduction of Block
Since it was possible to remove ryanodine-induced blockade by rest, we reasoned that it should be possible to reinduce blockade with rapid stimulation. Results obtained in a typical preparation are shown in Figure 4 . After the twitch had reached the 1 Hz steadystate amplitude after a PRC 30 To quantitate the recovery from ryanodine-induced blockade during rest, conditioning rest periods of 5 seconds to 20 minutes were applied using the protocol shown in Figure 5 (inset). A 3 Hz stimulation period was used to reinduce blockade for each trial rest period. The recovery of PRC was defined as the ratio of PRC after to that before the conditioning rest (PRC: post/pre). It was assumed that the block removal during the PRC 30 to removal during rest periods longer than 150 seconds. Under control conditions, conditioning rests had no effect on PRC 30 , as indicated by the horizontal line (open circles). In the presence of 100 pM ryanodine, PRC30 increased as a function of the rest duration (filled circles) and with the longest rests attained nearly complete recovery from blockade. Recovery curves for individual preparations were well fitted with monoexponential functions that had a mean time constant of 582 ± 105 seconds {n = 5). Figure 6 shows the time course of development of blockade of PRC 30 by 3 Hz stimulation in 4 complete experiments. The protocol is shown in the inset. As in Figure 5 , the effect of conditioning is normalized by taking the ratio of the postconditioning PRC 30 to the preconditioning value. In this protocol, we assume that the removal of block during 2 minutes of stimulation at 200 400 600 TIME at 3Hz (sec) 1 Hz (required to reestablish the steady-state tension prior to each PRC 30 test) was negligible. This is probably true for conditioning periods longer than 30 seconds. After block was induced and tested, the preparation was rested long enough to remove the extra blockade before proceeding. Under control conditions, these maneuvers had no effect on the PRC 30 ratio, as shown by the open circles. In the presence of 100 pM ryanodine, the PRC 30 ratio rapidly declined to approximately 66%. In each muscle, the data points were well fitted by monoexponential curves with a mean time constant of 107 ± 26 seconds (n = 4). The same behavior was observed in 4 additional less complete experiments. The blockade of PRC 30 could also be reinduced by stimulation of 1 Hz but required longer stimulation. The time constant of blockade induction at this frequency in 2 preparations averaged 758 seconds, about 7 times longer than at 3 Hz.
To determine whether the number of activations or the total time spent at the action potential plateau level was the more important factor in inducing PRC blockade, we tested the effects of conditioning depolarization to 0 mV achieved with high potassium solution. For these experiments sodium chloride was replaced with potassium chloride, CaCl 2 was omitted (to prevent calcium overload), and MgCl 2 was increased to 5 mM. The protocol used was the same as that shown in Figure 6 (inset) except that the 3 Hz stimulation period was alternated with periods of exposure to the high potassium chloride solution. The results obtained were difficult to interpret because under control conditions the PRC 30 was diminished as much as 15% by exposure to high potassium chloride. However, in the presence of ryanodine, the average blockade induced by 2 minutes exposure to high potassium chloride (which depolarized the membrane to 0 mV) was less than that achieved by. 2 minutes stimulation at 3 Hz (35 and 42%, respectively, n = 2). Because the action potential duration of ferret papillary muscle (measured at 0 mV) is less than 100 msec at 3 Hz, the total time spent at the 0 mV level was at least 3 times greater during the high potassium chloride exposure than during the 3 Hz stimulation. Since the net increase in PRC 30 inhibition was greater with rapid stimulation than with high potassium chloride depolarization, it would appear that repetitive activation of the preparation is more effective than steady depolarization in increasing the drug effect (see "Discussion").
Discussion
We have shown that ryanodine is a very potent inhibitor of steady-state (1 Hz) twitch tension and an even more potent inhibitor of PRC in isolated ferret ventricular muscle, in agreement with previous observations in guinea pig myocardium. 22 " The sensitivity of ferret ventricular muscle is comparable to that of the rat because it was found that 100 nM ryanodine inhibited steady-state tension at 1 Hz by 85%, a value close to that obtained in rat ventricle (87%) by Bers. 20 It has recently been shown that classification of different cardiac tissues according to their ryanodine sensitivity 20 correlates well with the sequence obtained from the amount of calcium released from the SR during a contraction. 24 The major new findings in regard to ryanodine's mechanism of action were the observation that during continuous exposure to the drug, the ryanodineinduced blockade of PRC can be removed by resting the preparation and reinduced by rapid stimulation. In these respects, the action of ryanodine on PRC is similar to that of local anesthetics on the sodium current and of several calcium channel blockers on the calcium current 25 (i.e., ryanodine has use-dependent effects).
Validity of Postrest Contraction in Assessment of Sarcoplasmic Reticulum Calcium
Recent direct evidence shows that the first PRC is mostly dependent on intracellular calcium stores. 20 The subsequent decay of PRC with longer rest periods (longer than 30 seconds in the ferret ventricle, see Figure 2 ) is postulated to reflect a secondary fall in intracellular calcium owing to extrusion into the extracellular space. 19 This hypothesis has been strongly supported by experiments, using several different methods, that demonstrate calcium efflux during diastole. 26 " 28 The hypothesis is also consistent with previous reports 4 and our results (Figure 2) showing that ryanodine enhances the rate of decay of the PRC with longer rest periods since ryanodine has been shown to increase the rate of calcium efflux during quiescence 2728 and the leak rate of calcium from two intracellular pools, probably SR compartments. 29 Taken together, these results strongly suggest that variations in PRC amplitude closely correlate with variations in SR calcium content for rest periods up to 10 minutes in length. At longer rest times, PRC amplitude becomes independent of rest duration and is probably dependent on transsarcolemmal calcium influx (via calcium channels and the sodium-calcium exchange).
Reversibility of Ryanodine Effect on Contractility
The effect of ryanodine on heart muscle has generally been considered to be completely irreversible, 51213 thus complicating the use of this drug as a pharmacologic tool. The results demonstrate that the previously found irreversibility of ryanodine effect was probably caused by continuous stimulation of the preparations during the washout period of the drug. Although we did not attempt to establish the upper limit of the concentration of ryanodine for which a reversal of the effects occurred, in 5 ferret papillary muscles we found partial and transient reversibility of the inhibitory effect of 100 nM ryanodine (i.e., one thousandfold higher concentration than usual) on both PRC and the following twitches (not shown). After 3 minutes rest, the maximum PRC amplitude represented 127.2 ± 11.7% of the 1 Hz steady-state twitch amplitude in the presence of 100 nM ryanodine. This value increased with longer rests and reached 156.8 ± 14.9% and 189.8 ± 18.7% of the steady-state ryano-dine amplitude after 5 and 10 minutes of rest, respectively.
Because the experiments were performed during continuous exposure of the muscles to ryanodine, dissociation of ryanodine from its receptor during the long conditioning rest is the simplest hypothesis that could be made, but this is only one possibility. Alternatively, if ryanodine in the presence of intracellular calcium induces a slow conformational change of an SR-calcium channel to a nonconducting state (see below), the lower SR-calcium load after a long conditioning rest may result in a slow return of the SR-calcium channel to a conducting state after the long rest, and this might occur with or without dissociation of the drug from the receptor.
The fact that recovery of PRC 30 occurred (even though the preparation was restimulated after the conditioning rest until steady-state twitch amplitude was again reached) could probably be explained by the slow time constant of block of PRC 30 at 1 Hz (about 760 seconds) and the fact that this restimulation period was long enough to replenish SR calcium content, thus allowing a larger SR calcium release at PRC 30 . A time constant of block at 1 Hz of 760 seconds and 1 Hz stimulation for 3 minutes might thus lead to an underestimation of the amount of recovery of PRC 30 of about 8%. It is therefore possible that PRC 30 recovery occurs in fact a little faster than we found ( Figure 5 ).
How Is Ryanodine Effect Modulated by Rest and Activity?
Ciofalo 30 showed that the effect of ryanodine on steady-state twitch tension was well correlated with ryanodine uptake in rat atria. This suggests that the site of action of the drug is intracellular, either in the cytoplasm or in the SR. It has been proposed that ryanodine may block a calcium channel. 6 "" Although this channel has not yet been identified in cardiac muscle, its presence in skeletal muscle has been established by biochemical isolation and reconstitution. 3132 This channel, like the calcium release process in cardiac muscle, is selective for divalent cations and is blocked by ryanodine. If such a channel is blocked more readily when it is open, ryanodine might be expected to show use-dependent blockade. By analogy with sarcolemmal channels, this use-dependent effect might include slow unbinding of the drug during rest.
Our observation that the degree of blockade was somewhat greater after repetitive 3 Hz stimulation than after high potassium chloride depolarization to 0 mV suggests that frequent cycling though activation-recovery process may be more effective in causing blockade than a single continuous depolarization. It might be postulated that the smaller ryanodine effect in high potassium was the result of depletion of intracellular calcium, since calcium was omitted from the depolarizing solution in order to avoid strong and possibly irreversible contractures. However, it is unlikely that the intracellular calcium could have decreased remarkably during those relatively short (2-minute) intervals. Allen and coworkers 33 have reported that in ferret papillary muscles, decrease of the extracellular calcium concentration from 2 to 0.5 mM at the same time a sodium-free contracture solution (sodium replaced with potassium) was applied had little or no effect on the tension or intracellular calcium concentration (assessed by the peak of aequorin bioluminescence) compared to signals observed in the sodium-free solution containing 2 mM calcium. Additional experiments combining voltage clamp and intracellular calcium monitoring techniques will be needed to assess the respective roles of repetitive stimulation, maintained depolarization, and intracellular calcium concentration in mediating the inhibitory effect of ryanodine on PRC.
These results are consistent with the binding of ryanodine to a receptor that is modulated by the activity of the muscle, e.g., a receptor on a channel in the sarcoplasmic reticulum. An important possible mechanism for such modulation would relate the use-dependent affinity of the drug for its receptor to variations in intracellular calcium concentration, since the latter is dramatically use-dependent, or to activity-related changes in intracellular sodium concentration. This hypothesis is consistent with the recent finding that in isolated sarcoplasmic reticulum vesicles of rabbit skeletal and cardiac muscle, calcium modulated the binding of ryanodine. 34 Because the free calcium concentration at the cytosolic (external) surface of the SR must be higher than the cytosolic concentration at the myofibrils reached at the peak of the calcium release (pCa 5.40, i.e., 4 /MM 35 ), the threshold free calcium concentration for ryanodine binding (6 /AM 34 ) would probably be exceeded. The hypothesis of a physiologic role for calcium in the binding of ryanodine to its receptor is also strengthened by the observation that the calcium-dependence of ryanodine binding reported by Pessah and coworkers 34 (threshold 6 fxM, optimum 100-2,000 /AM Ca) is similar to the dependence of the rapid release of calcium from SR vesicles on the ambient calcium reported by Ikemoto and coworkers, 36 since ryanodine is expected to block this calcium release.
A consequence of the hypothesis of calcium-modulating binding of ryanodine to its SR receptor is that the amount of PRC blockade measured in a PRC 30 test should be directly related to the size of the preceding conditioning PRC, i.e., a large release of SR calcium producing a large PRC at the end of the conditioning rest period should result in increased ryanodine binding, and this increased ryanodine binding should result in a smaller subsequent test PRC. Figure 7 shows that this prediction is satisfied for rest durations from 5 -240 seconds, i.e., there was a negative correlation (r = -0.888; p < 0.001) between the amount of recovery of PRC 30 and the amplitude of the PRC terminating the conditioning rest period. The omission of the data point corresponding to 240 seconds rest (arrow in Figure 7 ; PRC in the presence of 100 pM ryanodine is almost constant for rests longer than 180 seconds, see Figure 2 ) led to an even better correlation between the two variables (r = -0.962), although the difference between the two values of the correlation coefficient was not statistically significant. Additional experiments will be needed to evaluate the hypothesis presented above for the mechanism of the use-dependent action of ryanodine. However, the clear evidence for use-dependence of the effects of the drug emphasizes the importance of rate and rhythm in determining the ryanodine effects that will be observed. This evidence also suggests that the principle of receptor modulation by activity or voltage, which has been successfully applied to the action of drugs on membrane channels, 25 is probably applicable to drugreceptor interactions in other parts of the cell as well. Moreover, the apparent lack of effect of ryanodine during rest might be an explanation for the low sensitivity of skinned cardiac fibers to ryanodine compared to that of intact preparations (about 1,000 times less 7 ).
